Aims: Ageing-related tau astrogliopathy (ARTAG) appears in subependymal, subpial, perivascular, white matter (WM) and grey matter (GM) locations. Physical effects, blood-brain barrier dysfunction and blood-or vessel-related factors have been considered as aetiology. As connexin-43 (Cx43) and aquaporin-4 (AQP4) are related to these, we hypothesized that their immunoreactivity (IR) varies with ARTAG in a location-specific manner. Methods: We performed a morphometric immunohistochemical study measuring the densities of IR of Cx43, AQP4, AT8 (phospho-tau) and glial fibrillar acidic protein (GFAP). We analysed the amygdala and hippocampus in age-matched cases with (n = 19) and without (n = 20) ARTAG in each of the locations it aggregates. Results: We show a dramatic increase (>6-fold; P < 0.01) of Cx43 density of IR in ARTAG cases correlating strongly with AT8 density of IR, irrespective of the presence of neuronal tau pathology or reactive gliosis measured by GFAP density of IR, in the GM. In contrast, AQP4 density of IR was increased only in the WM and GM, and was associated with increased AT8 density of IR only in WM and perivascular areas. Discussion: Our study reveals distinctive astroglial responses in each of the locations associated with ARTAG. Our observations support the concept that factors related to brain-fluid interfaces and water-ion imbalances most likely play a role in the generation of ARTAG. As Cx43 is crucial for maintaining neuronal homeostasis, the ARTAG-dependent increase of Cx43 density of IR suggests that the development of ARTAG in the GM most likely indicates an early response to the degeneration of neurons.
Introduction
Pathological accumulation of abnormally phosphorylated tau protein in astrocytes has been frequently noted in the brains of elderly individuals. Recently, a consensus study described this as ageing-related tau astrogliopathy (ARTAG) [1] . Two morphologies -thorn-shaped astrocytes and granular/fuzzy astrocytes -were described. Furthermore, depending on the location, five types were defined: subependymal, subpial, perivascular, white matter (WM) and grey matter (GM) [1] . The aetiology of ARTAG has yet to be identified. However, physical effects (trauma), blood-brain barrier dysfunction and blood-or vessel-related factors have been suggested to affect its aggregations [2, 3] . Importantly, basal brain areas and particularly the amygdala are a hotspot for ARTAG [3] .
Astrocytes play complex roles in the normal physiology of the brain as well as in reaction to pathologic events. Recent studies suggest a previously underestimated spectrum of functions and dysfunctions for astrocytes [4, 5] . These include a role in adaptive and regenerative CNS plasticity, synaptogenesis, neuronal migration, synaptic plasticity, support of the bloodbrain barrier, secretion of trophic factors, regulation of local blood flow, ion exchange and regulation of neurotransmitter homeostasis and glutamate levels [4, 5] . As a response to injury, astrogliosis contributes to neuroprotection and reconstruction of the compromised blood-brain barrier [4] .
The most widely used immunohistochemical marker for the detection of astrocytes is glial fibrillar acidic protein (GFAP) [6] . However, there are further astrocytic markers, including connexin-43 (Cx43) and aquaporin-4 (AQP4). Cx43 is a protein highly expressed by astrocytes, especially at the interface of the blood-brain barrier [7] . It forms gap junctions and hemichannels, and it maintains the normal shape and function of astrocytes [8] . Importantly, connexin hemichannels are recognized as functional entities capable of influencing metabolic gradients within the nervous system, and they may play a role in the pathogenesis of neurodegenerative conditions [7, 8] . AQP4 is the member of water-channel proteins expressed in the foot processes of glial cells surrounding capillaries, and it is associated with water transfer into and out of the brain parenchyma [9] . Moreover, AQP4 is the target of pathogenic autoantibodies in the neuroinflammatory demyelinating disease neuromyelitis optica [10] . Based on these observations, we hypothesized that Cx43 and AQP4 immunoreactivity (IR) varies with ARTAG in a location-dependent manner. To evaluate this, we performed a morphometric immunohistochemical study focusing on the amygdala and hippocampus and compared cases with and without different types of ARTAG.
Materials and methods

Case selection
For this study, 39 cases from the ongoing longitudinal Vienna Transdanubian Aging (VITA) study [11] , which included individuals after written consent of either the patient or the family or legal representative of the patient, were selected from the Brain Bank of the Institute of Neurology, Medical University of Vienna. The Ethical Committee of the Medical University of Vienna gave approval for neuropathological studies (Nr: 396/ 2011). All experiments were conducted according to the principles expressed in the Declaration of Helsinki, and in accordance with relevant Austrian guidelines and regulations, including the right to object from participating in scientific research. The manuscript does not contain information or images that could lead to an identification of the individual or which could violate any personal rights. Neuropathological data for these cases are summarized in Table 1 . We examined the hippocampus and amygdala. Nineteen cases showed varying ARTAG pathology. Twenty agematched controls did not show ARTAG in any of the cortical, subcortical or brainstem areas, including the hippocampus and amygdala. As not all cases develop all types of ARTAG pathology, not all ARTAG types were analysed in each case (Table 2 ). In addition, we performed immunostaining for Cx43 in three cases each with ischaemic/hypoxic encephalopathy and Creutzfeldt-Jakob disease (Data S1).
Immunohistochemistry
Four micrometre thick sections of formalin-fixed, paraffin-embedded tissue blocks containing either hippocampal regions or the amygdala and basal forebrain were cut and mounted on precoated glass slides (Star Frost, Waldemar Knittel GmbH, Braunschweig, Germany). We performed immunostaining for anti-phospho-tau [AT8; mouse monoclonal antibody (MAb); specific for pS202/pT205, 1:200, no pretreatment; Pierce Biotechnology, Rockford, IL, USA], anti-Cx43 (mouse MAb; 1:50, pretreatment pH 6.0 citrate buffer 10 min steamer; Invitrogen, Camarillo, CA, USA), anti-AQP4 (polyclonal rabbit antibody; 1:250, no pretreatment; Sigma-Aldrich, St. Louis, MO, USA), and GFAP (rabbit polyclonal; 1:3000, pretreatment with Protease 5 min; Dako, Glostrup, Denmark). The antibody reactions were visualized either by a DAKO EnVision© (K5007; for Cx4 and AQP4) or EnVision FLEX+© (K8002; for AT8 and GFAP) detection kit. Finally, sections were counterstained with haematoxylin.
Digital image acquisition
Digital images of histology slides were obtained using the bright-field function of a Lamina Multilabel slide scanner (Perkin Elmer; Waltham, MA, USA) with a 209 objective. The images had a pixel resolution of 0.122 lm/pixel, camera resolution of 2560 9 2160 and a bit depth of 16. To create a smooth composite image, the composite image of each slide was autocorrected during the scan through the capture of 10 empty fields of view.
Semiautomated area detection algorithms and selection of regions of analysis
Scanned slides were analysed using Halo digital image software v2.0.1061.3 (Indica Labs; Albuquerque, NM, 
ARTAG, ageing-related tau astrogliopathy; AGD, argyrophilic grain disease; HS, hippocampal sclerosis.
USA). Halo was utilized to develop detection algorithms to quantify IR of AT8, Cx43 and AQP4 using the 'Area Quantification' v1.0 setting. Previous work has validated the utility of this tool in the detection of pathology in human paraffin-embedded tissue [12] . For each antibody, stains of interest were programmed in the algorithm based on red, green and blue optical density for colour deconvolution to isolate chromogen signals from their counterstain. Thresholds for positive optical density were determined by visual inspection and crossvalidated by two investigators (GGK, AY). Although Halo allows for three threshold levels for optical density (i.e. yellow as weak, orange as moderate and red as strong), all positive signals were set as strong. The algorithms were adjusted to ensure minimal detection of negative background. Positive signal was measured as the percentage area occupied and was reported as density of IR. Representative images of the algorithms' detection of IR are shown in Figure 1 . For each tissue analysed, the regions of interest included the perivascular, subependymal, subpial, GM and WM regions. The different ARTAG types were annotated for analysis using Halo's 'pen' tool. Representative samples of each ARTAG type were sampled in each case. To allow for comparisons between each examined antibody's reactivity in the same region of interest, corresponding selections were made in sequential tissue using Halo's 'synchronize navigation' tool. For perivascular regions, the size of the selected region was appropriately adjusted due to variation between sequential sections.
Statistical analysis
Mann-Whitney (M-W) tests were used to compare ARTAG to controls. Linear logistic regression tests were performed to evaluate the effect of examined variables on the expression of Cx43 and AQP4. Spearman tests were performed to evaluate the correlation and association between variables. The software SPSS Statistics (V23.0; SPSS Inc., Chicago, IL, USA) was used for these analyses. The significance was set to P = 0.05.
Results
In total, 238 images (117 from cases with ARTAG) were analysed. The anatomical distribution of locations (representing ARTAG types) examined is summarized in Table 2 .
Immunostaining for AT8 and GFAP
In the ARTAG group, immunostaining for AT8 revealed astrocytic tau IR in subependymal, subpial, perivascular, WM and GM locations. Variable amounts of neuropil threads, fine granular cytoplasmic or neurofibrillary tangle-like neuronal tau pathology in the GM, and fine thread-like profiles in the WM were observed in both ARTAG and control groups. In addition, in the control group, occasional scattered fine dots were seen in subependymal and subpial locations.
Comparison of all AT8 images of ARTAG cases to controls showed significantly higher tau load in ARTAG pooled cases (Figure 2A ; M-W: P < 0.0011) and in all examined locations ( Figure 2B ; M-W: P < 0.01 for all). Importantly, GM areas did not show dystrophic neurites or amyloid plaques. Immunostaining for GFAP showed astrocytes, including a few with hypertrophic morphology correlating with mild to moderate neuronal loss in the amygdala. GFAP DIR was significantly higher in ARTAG pooled cases ( Figure 2A ; M-W: P < 0.01). When comparing different locations, except for subependymal, all showed higher GFAP DIR values in ARTAG (Figure 2C ; M-W: P < 0.01 for perivascular and GM and P < 0.05 for subpial and WM).
Distinct immunostaining for Cx43 in ARTAG cases
Immunostaining for Cx43 revealed fine dots in astrocytic processes. When all images were pooled, Cx43 DIR was increased more than sixfold in ARTAG (Figure 2A ; M-W: P < 0.0011). When compared to GFAP, the DIR of Cx43 was much less (around 20-fold).
When comparing different locations, with the exception of subependymal (M-W: P = 0.35), all other locations showed higher Cx43 DIR in ARTAG cases ( Figure 2D ; M-W: P < 0.01 for perivascular, WM, and GM and P < 0.05 for subpial; . When all examined locations were pooled, a Spearman test revealed significant (P < 0.05) correlations between Cx43, GFAP and AQP4 DIR in both ARTAG and control cases, as well as with AT8 DIR in ARTAG cases (Table 3) . Spearman tests also revealed strong correlations between Cx43 DIR with the DIR of GFAP, AT8 and AQP4 in ARTAG cases in subpial, perivascular, WM and GM locations. In controls, Cx43 DIR correlated only with GFAP DIR (Table 3) . Additionally, we analysed each ARTAG type using a linear logistic regression model for Cx43 DIR where AT8 and GFAP DIR were included as multiple variables. For subependymal ARTAG, none showed an effect (P > 0.6 for both). For subpial ARTAG, only GFAP DIR showed a significant effect (P = 0.014). For perivascular, WM and GM ARTAG, only AT8 DIR showed a significant effect (P < 0.01 for all) independent of GFAP DIR. Additional immunostainings for Cx43 in cases with prominent reactive astrogliosis due to ischaemic/hypoxic encephalopathy and CreutzfeldtJakob disease did not reveal corresponding enhancement of Cx43 IR (Data S1). In addition, the effect of AT8 on Cx43 DIR in the GM was independent of the presence (yes/no) of neuronal tau pathology (included in the model as an additional variable). Finally, in linear logistic regression models, including those with multiple variables such as AT8 DIR, we did not observe any effect of the presence of argyrophilic grains, TDP-43 pathology or dementia (P > 0.1 for all) on Cx43 DIR while adding subregion analysis to the model did not change the results. 
Distinct immunostaining for AQP4 in ARTAG cases
Immunostaining for AQP4 revealed astrocytic cytoplasms and processes in both controls and ARTAG cases. When all images were pooled, AQP4 DIR was moderately (1.36-fold) but significantly increased in the ARTAG group (Figure 2A ; M-W: P < 0.01). GFAP DIR was around 1.5-to 1.8-fold higher than AQP4 DIR. When comparing different locations, AQP4 DIR was higher in WM and GM locations in ARTAG cases (Figure 2E ; M-W: P < 0.05; Figures 3-5 ), but not in other locations (M-W: P = 0.60, 0.73, and 0.15 for subependymal, subpial and perivascular, respectively). When all examined locations were pooled, Spearman tests revealed significant (P < 0.05) correlations between AQP4, GFAP, AT8 and Cx43 DIR in both ARTAG and control cases (Table 3) . When the locations were evaluated separately, with the exception of the subependymal location, AQP4 DIR strongly correlated with Cx43 DIR. Also, with the exception of the GM and subependymal locations, AQP4 DIR correlated with GFAP DIR in ARTAG cases (Table 3) . Except for in the WM, AQP4 did not correlate with AT8 DIR in ARTAG cases. We also evaluated ARTAG types using a linear logistic regression model for AQP4 DIR with AT8 and GFAP DIR as multiple variables. For subependymal ARTAG, none showed an effect (P > 0.6 for both); for subpial ARTAG, only GFAP DIR showed a significant effect (P = 0.001); and for perivascular and WM (P < 0.05 for both) but not GM (P = 0.093), ARTAG AT8 DIR showed significant effects independent of GFAP DIR. As for Cx43, further pathological variables did not show any effect (P > 0.1 for all) on AQP4 DIR.
Discussion
The concept of ARTAG was introduced to facilitate research on the understanding of the role of astrocytes in neurodegeneration and brain ageing [1] . In particular, ARTAG may be seen in aged brains without other proteinopathies or Alzheimer disease (AD). Peculiar forms of widespread or circumscribed GM ARTAG seem to be associated with dementia or focal symptoms [13, 14] . ARTAG is not unique to humans. Tau-positive astrocytes, strongly reminiscent of ARTAG, have been described in perivascular, subpial and subependymal locations in aged baboons [15] . Moreover, the presence of glial tau pathology co-occurring with amyloid plaques in aged gorillas suggests that age-related tau changes in gorillas evolve independently from amyloidrelated plaque pathology [16] . ARTAG in different locations in the ageing brain most likely reflects different pathogenic events. Frequent ARTAG pathology in subpial and perivascular locations particularly in basal areas may be suggestive of blood-brain barrier dysfunction, water transport or blood-or vessel-related factors [3] . Likewise, subpial ARTAG, particularly in lobar areas, shows considerable overlap with tau pathologies described in chronic traumatic encephalopathy [2, 3, 17] . Moreover, GM ARTAG can be a link to a better understanding of astrocytic tau pathologies in primary frontotemporal lobar degeneration tauopathies such as progressive supranuclear palsy or corticobasal degeneration [3] . To gain insights into the pathogenesis of ARTAG, in the present study, we evaluated two astroglial markers and found distinctive changes. As there is still variability in evaluating astrocytic tau pathologies [18] , the major aim was to define a marker for ARTAG, in particular in WM and GM location. On the one hand, we sought to understand pathogenesis, and on the other hand to provide a basis for comparison with disease states, including primary FTLD-tauopathies, to better understand the overlap of astrocytic tau morphologies with ARTAG [3] .
Cx43 and AQP4 have been examined in brain disorders, such as epilepsy, neuroinflammatory conditions and brain oedema [9, 19] . Less data are available for neurodegenerative conditions in the human brain. Nagy et al. [20] reported that Cx43 immunostaining patterns in AD brains are mainly associated with amyloid plaques. Another study reported increased Cx43 expression appearing as patches in the caudate nucleus contrasting the globus pallidus in Huntington's disease [21] . Increased AQP4 expression has been recently reported as a feature of the ageing human brain, and its mislocalization was related to the development of AD plaque pathology [22] . Other studies have reported that AQP4 is not only important for the clearance of amyloid-b in the brain via lymphatic pathways but is essential for synaptic function as well [23] .
Connexins are constituents of gap junctions [19] . Different isoforms are distinguished, with Cx43 being a major form associated with astrocytes that have been linked to several processes that impact both brain homeostasis and repair after injury [19] . Cx43 is considered an immunregulating factor at the gliovascular, i.e. blood-brain barrier, interface [24] and contributes to the release of gliotransmitters [25] . We show that Cx43 DIR is increased in ARTAG cases when compared to controls in the subpial, perivascular, WM and GM locations. Importantly, for perivascular, WM and GM ARTAG, correlation of Cx43 and AT8 DIR is independent from GFAP DIR. This is further supported by the lack of enhanced Cx43 IR of reactive astrocytes in ischaemic/hypoxic encephalopathy and CreutzfeldtJakob diseased brains (see Data S1). Therefore, this is not a mere increase related to reactive changes of astrocytes. Furthermore, there was a lack of significant Cx43 DIR difference in the subependymal location. This likely reflects an age-related increase of Cx43 expression associated with a lifelong preparedness of subependymal astrocytes for events affecting the ependymal [26, 27] , where the development of ARTAG does not further increase Cx43 expression. It can be hypothesized that the elevated Cx43 DIR in perivascular, WM and GM locations reflects a response to bloodbrain barrier dysfunction or to local hypoperfusion.
However, particularly relevant for the interpretation of GM ARTAG, observations in experimental models of AD suggest that Cx43 expression may promote neuronal survival, for example, by sensing and reducing elevated levels of extracellular glutamate [28] . In stroke models, Cx43 can stabilize astrocytes and facilitate the resistance to the deleterious effects of a stroke-like milieu and promote neuronal recovery [29] . Therefore, the appearance of hyperphosphorylated tau pathology in the form of GM ARTAG, together with increased Cx43 expression, might be indicative of a neuroprotective mechanism of astrocytes to minimize the toxicity of the extracellular space through spatial buffering [19] . Interestingly, in our recent comprehensive study on ARTAG, we observed GM ARTAG in anatomical regions without neuronal tau pathology [3] , as reported also in corticobasal degeneration [30] . Indeed, here we show that increased Cx43 expression is associated with GM ARTAG irrespective of the presence of neuronal tau pathology. On the other hand, the progressive increase in Cx43 expression in the SOD1 (G93A) mouse model of amyotrophic lateral sclerosis (ALS) and in the motor cortex and spinal cord of ALS patients during the disease course was interpreted as astrocyte-mediated toxicity [31] . As astroglial gap junctions seem to provide an activity-dependent intercellular pathway for the delivery of energetic metabolites from blood vessels to distal neurons [32] , the ARTAGrelated increase of Cx43 DIR might also be an early response to neuronal degeneration.
In contrast to Cx43, AQP4 DIR was significantly higher only in WM and GM locations in ARTAG cases. AQP4 is a channel protein primarily associated with brain-fluid (blood or cerebrospinal fluid) interfaces and water transport into and out of the brain parenchyma; thus, it interfaces with astrocytes predominantly at the perivascular end-feet in direct contact with blood vessels [9, 33, 34] . Therefore, strong AQP4 expression in subependymal, subpial and perivascular locations is physiological, and we were unable to demonstrate a significant increase in AQP4 DIR in ARTAG cases. In the WM and perivascular locations, however, the presence of AT8-positive astrocytes was associated with increased AQP4 DIR. This supports the notion that in the WM and perivascular locations, ARTAG might be related to pathogenic events associated with the bloodbrain barrier (i.e. dysfunction or inflow of yet unidentified factors). In the GM, the increase of AQP4 in ARTAG cases could be suggestive of blood-brain barrier dysfunction. However, additional pathogeneses should be also considered, as AQP4 alone, is not a sufficient correlate for increased amount of GM ARTAG (i.e. lack of correlation with AT8 DIR). The limitations of our study include challenging aspects of quantitative immunohistochemistry, as, for example, antigens like AQP4 can show background staining or IR might vary with prolonged formalin fixation times. To avoid these pitfalls, we included cases from a longitudinal ageing study, where sampling and processing were standardized.
In summary, our study reveals distinctive astroglial responses in different locations associated with ARTAG. Our observations support the concept that factors related to the brain-fluid interfaces including bloodbrain barrier and water-ion imbalances most likely play a role in the generation of ARTAG, not only in subependymal and subpial but also in WM and perivascular locations. Importantly, we evaluated age-matched cases from a community-based study and not all cases developed ARTAG in subependymal or subpial locations suggesting that a yet unidentified factor (i.e. not a pure ageing effect) is needed for this. In this study, we evaluated basal areas of the brain (amygdala and hippocampus); the pathogenesis of subpial ARTAG in dorsolateral areas of lobes (e.g. frontal) might involve further pathogenic components (e.g. microtrauma) [1, 3] . Indeed, the development of ARTAG in the GM likely involves further changes and might reflect an early response to degeneration of neurons. We expand the observations of Cx43-and AQP4-related astrocytic responses in human neurodegenerative conditions [9, [20] [21] [22] 31] and suggest that GM ARTAG is a preceding marker of neuronal degeneration [3] . The clarification of whether this is an early neuroprotective response of astrocytes or if this is a factor contributing to neurotoxicity merits further studies.
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